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Since the electrogenerated chemiluminescence (ECL) of silicon nanoparticles (NPs) was reported in 2002,

miscellaneous nanomaterials with various sizes and shapes have been employed as ECL nanoemitters

for bioanalysis.

Elucidation of the ECL derivation from these nanoemitters and pertinent

biofunctionalization with multitudinous biomolecules can offer excellent ECL signal-transduction
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platforms for fabricating novel biosensing devices. In this review, we comprehensively describe

retrospective and recent advances in NPs-based ECL and related biosensing methodologies, and review
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1 Introduction

Electrogenerated chemiluminescence (electrochemiluminescence,
ECL) is an electrochemically triggered optical radiation process
produced by the energy relaxation of excited species.' This tech-
nique intrinsically represents a marriage between electrochemistry
and spectroscopy. By integrating both advantages, ECL possesses
unique superiorities over other optical methods. First and foremost,
it does not require a light source, which not only simplifies the
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their analytical applications in the detection of small biological molecules, enzymatic sensing,
immunoassay, DNA analysis and cytosensing.

detection apparatus but also invalidates background signals from
scattered light and luminescent impurities, thus leading to high
sensitivity. Secondly, ECL has a high specificity due to the emitter-
coreactant relationship and good selectivity as the excited states can
be regulated by alternating the applied potential. Therefore, the
development of ECL-emitting species initiated with Grignard
reagents and luminol*® have attracted continuous interest.
Different polyaromatic hydrocarbons (PAHs)* and organometallic
compounds*® have been used as general ECL emitters due to their
ECL natures, and the ECL technique has also become a powerful
analytical tool in the detection of biomolecules, clinical diagnostics,
environmental and food monitoring, and biowarfare agent detec-
tion, etc.”®
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Recently, semiconductor nanocrystals or quantum dots
(QDs) have been exploited as a new kind of ECL emitters since
the ECL study of silicon nanoparticles (NPs) was first reported
in 2002.° Compared with conventional molecular emitters, QDs
own several distinctive merits like size/surface-trap controlled
luminescence and good stability against photobleaching. QDs-
based ECL has accordingly been widely applied in biosensing
and bioanalysis.*** As finding new luminophores with a high
ECL efficiency for bioanalysis is the constant driving force of
this area, the family of nanoemitters for ECL has been enlarged
from exclusively QDs to other miscellaneous nanomaterials in
recent years, with various compositions, sizes and shapes,
including metallic nanoclusters,”®™** carbon nanodots,
metallic oxide semiconductors,*?* and even organic nano-
aggregates.”*® Further elucidation of the ECL derivation from
these nanoemitters also promotes the development of novel
ECL signal-transduction platforms for biosensing devices.

The advances concerning NPs-based ECL not only open a
promising field for the development of new-generation ECL-
emitting species, but also complement the conventional optical
utilizations of QDs. This review covers the principles and
related biosensing methodologies of NPs-based ECL, and
examines their analytical applications the in detection of small
biological molecules, enzymatic sensing, immunoassay, DNA
analysis and cytosensing.

16-18

2 Kinetics of NPs-based ECL emission

Before the first report on ECL from nanocrystals in an organic
solvent,” the ECL phenomena of PAHs* and organometallic
complexes®® had been elaborated. Considering the similarity in
frontier orbital theory with band theory of solids in energy level
and electrochemical reactivity, the kinetics of NPs-based ECL
can be related to two conventional courses: annihilation and

coreactant courses.>”°

2.1 Annihilation course

The first NPs-based ECL emission of SiNPs was realized through
annihilation."” It is technically generated by redox cycling®*"*°
or differential pulsing.***** The conduction band and the
valence band of an individual NP can accept (electron-injected,
R7) and donate (hole-injected, R") electrons under electro-
chemical conditions, respectively, to produce a couple of the
single NP anion and cation radicals. The ECL emission then
occurs following a comproportionation reaction by radical
collision and recombination into the excited state (R*).® The ECL
emission of NPs such as CdSe,” CdTe,” PbS QDs,* etc.,
homogeneously dispersed in a deoxygenated organic phase
normally follows this course with qualitative reaction equations:

R-e—R" (1)
R+e— R™ )
R™+R" > R*+R 3)
R* — R + /v @)
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As the electron transfer within the individual NP can be viewed
as the formation of a non-interacting electron-hole pair, which
is mediated through conduction (e;, LUMO) and valence (h;,
HOMO) band edges. The electrochemical peak potentials for
reduction and oxidation can provide data for the band-gap of
the NPs, while their potential discrepancy correlates to the
band-gap (eg.p) of a single NP.>** The stepwise addition (or
removal) of charge from NPs by an electrochemical method can
yield information on the energy required for electron transfer
and ECL emission, and the annihilation course can thus be
employed to evaluate the intrinsic band parameters,** whose
values are often taken to compare with the computational
results.’*3¢

Because the electron transfer from the electrode to the core
of thiol-capped QDs charges the sub-attofarad capacitance of
the thiol ligands - so-called quantized double-layer charging -
no ECL is observed through annihilation-type kinetics for thi-
oglycerol-capped CdS QDs. Therefore, another inconvenience of
this type of ECL emission lays with its strong dependence on
electrochemically inert moieties. Given that high over-poten-
tials should be applied to overcome the surface energy of the
NPs,’ this being time-consuming also restricts the application
and sampling throughput. To date, only QDs with a superlattice
structure have shown the necessary ECL applications.*

2.2 Coreactant course

The coreactant is a heterogeneously introduced species that,
upon preceding oxidation or reduction, react with the electro-
Iytic ECL luminophores to produce R*.”® Distinct from the
annihilation route which demands both R* and R™, the cor-
eactant route experiences electron transfer between either R* or
R~ and the coreactant. Generally, the coreactant route is an
electrochemical (E) procedure followed by a chemical (C) one,
which can, overall, be taken as an EC process.

Bard and co-workers have firstly demonstrated that the
SiNPs solution could achieve a higher ECL intensity by adding
an excess of C,0,>~ into the solution.’ It was observed that ECL
was initiated with the injection of holes into the SiNPs; mean-
while, the oxidation of C,0,>” produced a strong reductant
CO, , which injected electrons into the LUMO of the oxidized
SiNPs to produce R* then emitting ECL irradiation. Recent work
has further proved that C,0,>~ can also work as an effective ECL
coreactant for 9,10-diphenylanthracene nanorods.*®

As the operation of the coreactant-type ECL emission
features a unidirectional potential scan, this coreactant-
participating kinetics can be further be divided into anodic and
cathodic ECL emission, in which the coreactant correspond-
ingly acts as the reductant and the oxidant, respectively. Thus
the EC kinetics can further be simply designated as oxidative-
reduction for anodic ECL emission and reductive-oxidation for
cathodic ECL emission.”®

So far, several substrates have been validated experimentally
as potent coreactants in NPs-based ECL emission, among which
some have already accomplished practical applications. Based
on the bond cleavage position of the molecular structure during
the ECL reaction, classic coreactants can be apparently divided
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into three groups: (a) organic amines, such as tri-n-propylamine
(TPrA),**° dibutylaminoethanol (DBAE),***' triethanolamine
(TEA),*>***> etc.; (b) homolytic peroxides, such as O,,**
H,0,,*% 5,047 ,* and C,0,> ;* and (c) other small molecules
like SO;>7,*° and CH,Cl,.?° Nevertheless, their intermediates are
the real participants for generating the excited states of NPs
just as the superoxide radical for 0,,* and the hydroxyl
radical for H,0,.*” In this way, each coreactant is appropriate to
either anodic or cathodic ECL emission according to the
valency and the electrode potential of the corresponding
intermediate.

The coreactant course possesses several advantages over the
annihilation path. For example, the coreactant is especially
efficient when either R or R~ is not quite stable enough for ECL
of the NPs reaction or when the electrode or solvent has a
narrow potential window so that R* or R~ cannot be formed; the
unipolar potential step techniques spare considerable time and
promote the measuring throughput; and an intense and
sensitive ECL signal can be obtained, etc. The coreactant route
is of great importance for biosensing applications of NPs-based
ECL. Modern ECL applications of QDs are almost exclusively
based on coreactants.”*> However, the introduction of cor-
eactants, especially the coreactant-related physicochemical
behaviors like diffusion,"**** and absorption,'>** besides its
concentration, inevitably complicate the ECL systems and
greatly affect the rate-determining step of the ECL kinetics,
which appears as changes in the plot profile and peak potential,
especially for TPrA*> and S,05> .*** The direct ECL emission
from the implicit coreactant should also be taken into consid-
eration as an experimental blank or control.>*** In other words,
a number of criteria need to be met for a qualified coreactant of
NPs-based ECL,” including solubility, stability, electrochemical
activity, kinetics, ECL background, etc. Moreover, the coreactant
should be easily oxidized or reduced at or near the electrode and
undergo a rapid chemical reaction to form an intermediate as a
strong reductant or oxidant to react with the oxidized or
reduced NPs to form R*.®

Recently, a classification of the coreactant course has been
presented in view of the sizes (molecular or nano-sized) of
luminophores (L) and coreactants (C). The NPs-based ECL cor-
eactant course is divided into two types: (2) Lyano — Cmor and (b)
Lyano — Cnano->® Metallic oxide semiconductors (MOS) like SnO*®
and TiO,* have been reported as good candidates as solid
coreactants of type (b) by offering metastable states for ECL
electron hopping.

3 Derivation of NPs-based ECL emission

In view of crystallography, an individual nanosized particle can
be divided into two crystalline regions. One is the bulk phase
(the core) where metallic and non-metallic ions align periodi-
cally in long-range order; the other is the surface domain with
an asymmetric chemical environment resulting from unpaired
electrons,"" dangling bonds,'**® ligand coordination,***" and
crystalline defects.®**> According to Bloch theorem, different
structures correspond to disparate electronic states as well as
their level distribution. Hence, two basic models for illustrating
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the derivation of NPs-based ECL irradiation are proposed as the
surface-state model*® and the band-gap model.”

3.1 Surface-state model

As an ECL course is intrinsically electro-driven, the electrons
exchange between the electrode and NPs via their surface-states.
Given the large surface-area-to-volume ratio of NPs, a consid-
erable proportion of energy bands are ascribed to the surface
atoms, which derives the surface-state ECL emission as illumi-
nated in Fig. 1.

Despite the difference in the stimulating source, both ECL
and photoluminescence (PL) kinetics culminate in light emis-
sion accompanied by the transition of electrons from the
excited states to the ground states. Making comparisons
between PL and ECL spectroscopies can attain a better under-
standing about the surface-state ECL. Due to the quantum size
effect, PL mainly occurs through excitation and emission from
the core, whereas ECL is susceptible to the surface states.
Therefore, a surface-state ECL spectrum features an obvious
red-shifted emission wavelength with respect to the PL spec-
trum.>*” The reason is that wave functions concerning the states
of electrons and holes at the surface superpose strongly, leading
to a relatively narrower band-gap than that of the core.” This
red-shifted behavior has been observed at the ECL emission of
SiNPs,” GeNPs* and CdSe QDs.”” Since the doping of hetero-
atoms and the introduction of coreactants both have impacts on
the surface states, NPs-based ECL spectra sometimes display
multiple peaks corresponding to these sophisticated interacting
details,?®%*%* especially the ‘dual-peak’ which manifests that the
surface states of the individual NPs are susceptible to cor-
eactants.”>*** These phenomena are quite different from the
ECL molecular spectrum.

The surface states also contribute to the PL spectrum. For
example, an asymmetric PL emission peak with a non-zero
background tail normally indicates the surface traps;*” a slow
decay but strong correlation component in the fitted time-
resolved PL curve represents the surface defects of NPs that trap
electrons at the conduction band and generate a new excited
state.”” These details in PL spectra reflect the relationship of PL
and ECL, and demonstrate the possible surface-state ECL
emission. In addition, the inconspicuous extinction absorption
peak in the UV-vis spectrum can be attributed to the surface
traps on the NPs.*® In other words, ECL and electrochemistry

Surface states

PL

<« e

ECL

— e

Fig. 1 Schematic representation of PL and surface-state ECL emissions in a
semiconductor NP. (Reproduced from ref. 28. Copyright 2003, American Chemical
Society.)
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studies are sensitive to the surface states and have become a
powerful tool for probing the surface chemistry and charge
transfer dynamics,* whereas PL spectroscopy specializes in
exploiting the inner information of the band-gap transition.

Since the surface states generally show narrower band-gaps
compared with the core, the surface-derived ECL emission
possesses several advantages over the band-gap-derived type.
The ECL signal always appears at a longer wavelength with a
lower overpotential, which is beneficial for maintaining the
bioactivity of the detection targets and excluding the interfer-
ence from the coexisting electroactive species.®®®” The presence
of surface traps makes the electron transfer between the NP
surface and coreactant or electrode easier and further facilitates
the disintegration of electron/hole-injected traps,®®® resulting
in a stronger ECL emission. These advantages lead to sensitive
yet low-potential ECL emission.

Artificially manipulating the surface-states of NPs is the most
direct idea for harvesting the surface-state ECL emission.
Alternating the stoichiometric ratio of substrates is an empirical
tryout, whereas intentionally selecting or arranging specific
moieties has been confirmed as a practical implementation. For
example, the rigid conformation from two cis-carboxyl groups of
meso-2,3-dimercaptosuccinic acid (DMSA) can create a large
amount of surface traps on CdTe QDs,* and dual ligands such
as mercaptopropionic acid (MPA) and sodium hexametaphos-
phate, and trioctylphosphine oxide (TOPO) and dodecyl-
amine®®* can hinder the formation of a well-coated QD shell,
leading to a great number of surface traps. Surface-state ECL
emissions have also been observed at uncalcinated MOS like
Ti0,-1?*?*>%1 and CeO,-modified® electrodes owing to excessive
Frenkle or Shottky defects on their surfaces.

However, the desorption of ligands and leakage of uncapped
heavy metallic ions due to the solvation effect have long been a
problem for NPs with surface traps,”® which is especially
prominent for water-soluble NPs with respect to their prepara-
tion methods. As the free ligands in the as-prepared solution
have a side-effect on the optical property of NPs,” these NPs
show low quantum yields as well as optical and storage insta-
bility without thorough purification like ultrafiltration or dial-
ysis prior to the ECL application.

3.2 Band-gap model

The band-gap model is another basic derivation type of NPs-
based ECL and namely corresponds to the bulk of the NPs. The
ECL spectrum matches the PL spectrum, and is size-dependent
and tunable due to the dielectric confinement effect.

Because electron-/hole-injection in NPs is generally assumed
to occur via the surface states, the surface-state model has been
considered as the main generation model for NPs-based ECL.
Reports on ECL emission derived from the band-gap are rela-
tively fewer.”»**313%3 Bard and colleagues first presented that
the surface states of CdTe QDs could be easily passivated to
produce band-gap ECL (Fig. 2).® Recently, the band-gap ECL
emissions of thioglycolic acid-stabilized CdSe QDs and mer-
captopropionic acid-capped CdTe QDs in aqueous solution
have also been discovered by Ju et al.*”"*
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Passivated
surface states

Fig. 2 Schematic representation of PL and band-gap ECL emissions in a semi-
conductor NP. (Reproduced from ref. 28. Copyright 2003, American Chemical
Society.)

According to the structure rheology, the ECL derivation of
certain NP species can vary from a surface-state type to a band-
gap one or even remain both by unpassivating, totally or
partially passivating the surface states, which has been vali-
dated through the ECL study of ZnSe@CdSe core-shell QDs.>®
Unlike the ECL spectra of SiNPs or CdSe QDs with a single
emission peak significantly red-shifted from the PL peak,>*”
ECL from ZnSe@CdSe QDs produces a spectrum containing two
peaks: a sharp peak whose position is almost identical to that in
the PL spectrum, and another broader peak with a red shift of
~200 nm compared to that of the PL.?® This suggests emission
from both surface states on the QDs and the bulk in QDs where
the surface states have been passivated. The large ECL peak at
the wavelength of band-edge PL suggests that the surfaces of
ZnSe@CdSe QDs have been largely passivated, and ECL emis-
sion is mainly generated from the core of QDs.”® Nowadays, to
overcome the above difficulties of surface-state NPs-based ECL
emission, surface passivation has become a common consid-
eration. Commercial QDs for PL emission are commonly
synthesized in a core-shell structure like ZnS@CdSe QDs to
passivate the surface traps largely for efficient PL intensity.>»">7*

The two generation types of NPs-based ECL have distinctive
applications. The surface-state ECL is sensitive and can be used
to probe the surface chemistry, while the band-gap ECL spec-
trum is size-dependent for multiplexed optical assays. Because
the NPs-based ECL potential mainly depends on the surface-
states and the conduction band edge, while being irrelevant to
the band-gap,*****7¢7® NPs with a small band-gap, especially
near-infrared PL emission, do not assume low-potential ECL
emission.**”*** Nonetheless, NPs-based ECL following the
band-gap model has otherwise shown promising applications
in immunoassay,**** DNA detection,®** and cytosensing.*

4 Coreactants for NPs-based ECL

The coreactants involved in NPs-based ECL mainly include four
systems: peroxydisulfate system, hydrogen peroxide or oxygen
system, tri-n-propylamine system and sulfite system.

4.1 Peroxydisulfate system

Peroxydisulfate (S,05>7), long-since known as a coreactant of
the Ru(bpy);>~-ECL system,” can be used as a coreactant
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through so-called ‘reductive-oxidation’ for the ECL emission of
SiNPs.? The electrochemical reduction of S,04>~ produces the
intermediate SO, with a strong oxidizing capacity, which can
react with negatively-charged NPs by injecting a hole into the
HOMO, inducing an excited state afterwards. The general
mechanism for the S,05>~ system is illustrated as follows:

R+e— R 5)
$,05>" + e — SO, + S04~ (6)
SO,~ + R~ — R* + SO~ (7

For NPs-based cathodic ECL emission, $,04>" exhibits a higher
efficiency than does dissolved oxygen and H,0,.*® Hence, it has
been popularized in NPs-based immunoassay®**»*-* and cyto-
sensing,**'** where steric hindrance from the bio-
macromolecules highlights, especially in the situation where
the distance between the NPs and the electrode is large.”>*® A
huge amount of S,05°> can also make up for the initially
unstable surface-state ECL emission of NPs. However, S,04>" as
a small molecule is susceptible to the morphology of the
sensing interface and is capable of infiltrating through the
porous membrane,* which may disturb the stability of both
intra- and inter-assay signals. In addition, S,04%" itself can also
generate ECL emission,> which is disadvantageous for lowering
the background and detection limit.

4.2 Hydrogen peroxide system

Hydrogen peroxide (H,0,) is another important coreactant for
NPs-based cathodic ECL. It was originally transplaced from the
classic (electrogenerated) chemiluminescence system of lumi-
nol and H,0,.>*”* As the ubiquitous dissolved oxygen can be
electrochemically reduced to H,0,, it also acts as an endoge-
nous coreactant for ECL emission. Zou and Ju firstly demon-
strated the electron-transfer reaction between electrochemically
reduced CdSe QDs and H,O, coreactant, which resulted in ECL
emission from NPs.** The general mechanism for the H,O, (or
0,) system is assumed as follows:

R+e—> R™ ®)

O, + H,O + 2¢ - HO,” + OH™ )
2R~ + HO,~ + H,O — 30H™ + 2R* (10)
2R™ + H,0, — 20H™ + 2R* (11)

0O, and H,0, can participate in different ECL systems with
different intermediates, such as the superoxide radical (0,™),*
hydroxide radical (HO ),*” protonated O,  (HO, ) and HO™
(H,O07),” and implicit neutral molecules.®*®” Despite the
embedded complication and controversy, the net reactions are
the same (eqn (8)-(11)). Comparing eqn (10) with eqn (11), it is
suggested that O, is a more direct and efficient coreactant than
H,0, for the ECL of QDs since it can capture more electrons
from electro-reduced NPs than H,O, and their reaction rates
also differ.”* This has been proved by the addition of 320 uM
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H,0, into the deaerated solution, whose concentration
approximates the saturated concentration of dissolved O, under
standard atmospheric pressure at room temperature, and the
ECL intensity drops to about half of that in O,-saturated solu-
tion.*>?%1% Excessive amounts of O, and H,0, can bring the
ECL potential to a negative, which can be explained by the
Nernst equation.®® The emission intensity is proportional to the
square root of the scan rate, indicating a diffusion-controlled
process.*>*” Moreover, the high oxidizing capacity of O-inter-
mediates can simultaneously react with the moieties of NPs like
thiols,*** while their reduced products like -OH also compe-
tently coordinate with metallic sites.*® A crossover of the vol-
tammetric plot can thus be observed, which is similar to the
overlapping during the oxygen reduction reaction at a metallic
nanomaterial-modified electrode in fuel cells, indicating the
existence of reactive intermediates.'®* At an n-type MOS-modi-
fied electrode, excessive O, molecules can temporarily adsorb
onto the surface traps,®®®® which elongates the lifetime of R*
and meanwhile induces a post-ECL chemiluminescence (CL).>*

The dissolved oxygen in the detection solution is a ready-
made coreactant. That NPs-based ECL solely relies on O,
without the introduction of exogenous coreactants makes the
system neat, green and facile. A preliminary ECL test of
unknown NPs just in the air-saturated solution can evaluate
their ECL capability. Besides, as O, and H,0O, both play key roles
in the metabolism as well as in industrial reactions, it is of great
interest to quantify them with the NPs-based ECL tech-
nique.'$202245:47,102-107 Ag they are the substrates of oxidases and
peroxidases, many NPs-based ECL biosensors have been fabri-

cated for multifarious analytes by enzyme-catalytic
Cycles‘43,66,67,86,98—100,108

4.3 Tri-n-propylamine system

Among organic amines, TPrA is a most popular coreactant for
anodic ECL systems through ‘oxidative-reduction’.”® The major
applications of TPrA reported so far involve Ru(bpy),>* and its
derivatives as ECL emitters and TPrA as the coreactant, which
has become the commercial benchmark for ECL immunoassay
and DNA analysis.® ECL emission resulting from electro-
oxidized rubrene aggregates and TPrA suggests that TPrA may
also work as a coreactant for NPs-based ECL emission.*®
Recently, anodic ECL emission of MPA-capped CdS@CdTe QDs
with TPrA as the coreactant in aqueous solution has been
demonstrated.”

Electrochemical studies of various aliphatic amines indicate
a possible reaction pathway for oxidizing TPrA to produce a
strong reducing agent.** Upon oxidation, the short-lived TPrA
radical cation (TPrA") is believed to lose a proton from an o-
carbon to form the strongly reducing intermediate TPrA, and
then reduces QD" to QDs*. The general mechanism for the TPrA
system is deduced as shown below:

R-e¢— R* (12)
TPrA — e — TPrA™ (13)
TPrA* — TPrA + H* (14)
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R™ + TPrA" — R* + Pr,N* (15)
TPrA is an amphiphilic agent soluble in both aqueous and
organic ECL systems. It carries a positive charge in aqueous
solutions by forming hydrogen bonds. Thus it can be concen-
trated in the diffusion layer by electromigration or electrostatic
adsorption with other substrates or backbones bearing negative
charges. Despite its toxicity, the addition of trace TPrA can
promote NPs-based anodic ECL dramatically. Like S,05>~, NPs-
based anodic ECL is also affected severely after the addition of
TPrA.*>*+7778 Besides TPrA, other tertiary amines**** and some
polyelectrolytes with amino functionalities***>** have also been
used as the coreactants of NPs-based ECL systems. However, the
enhancement of ECL intensity in the presence of poly-
electrolytes possibly results from the improved distribution of
immobilized NPs during the film-formation.*>**1%%

4.4 Sulfite system

Sulfite (SO;>7) can enhance the anodic ECL of MPA-capped
CdTe QDs by the following mechanism:**

R—e— R' (16)

SO~ —e — SO;~ 17)

20H™ + SO5~ + 20, — O, + S0,* + H,0 (18)
R+0;, > R +0, (19)

R*+ R~ — R* (20)

Here, SO;>~ acts as a coreactant to improve the ECL intensity by
accelerating the formation of O, .*° Due to the low solubility of
most sulfites, the SO;>~ system can be interfered with by other
metal ions existing in real samples.'**"*°

5 Miscellaneous ECL nanoemitters

NPs-based ECL systems can be classed by the different features
of emitters, such as composition, volume and morphology.
Here, we categorize various kinds of nanoemitters, mainly by
their compositions.

5.1 Binary component quantum dots

The binary component QDs as ECL emitters mainly include
Cds,**'"* CdSe*” and CdTe.>*"*>'** These QDs are composed of
metallic elements of the I and II subgroups and non-metallic
elements of the IV and VI main groups. The ECL behaviors of
other QDs such as ZnS,*** ZnSe,'** PbS,**''¢ CuSe,"” CdO,"*® and
Bi,Te;,"***° have been extensively studied. Among them, ZnS
has drawn much attention for in vitro low toxicity.**88183-85

5.2 Core-shell structured quantum dots

As non-radiative dissipation derived from the surface traps can
be inhibited at its maximum by surface passivation to produce a
highly improved ECL performance, especially in the stability
and quantum yield,”®*" core-shell or yolk-shell structured QDs
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such as ZnSe@CdSe,”® ZnS@CdSeTe™® and ZnS@CdSes*%
have emerged by capping with environmentally-friendly
elements to prevent leakage of toxic ions. The shell components
can simultaneously adjust the wavelength and intensity of the
ECL emission, which has been observed for CdS@CdTe,”
CdS@CdSe,**** and CdS@ZnO QDs."* Based on this behavior,
the primary singular shell is further extended to multilayered
QDs, such as ZnS@CdS@CdTe QDs,** which realizes a near-
infrared (NIR) ECL emission.

5.3 Doped quantum dots

Doping conventional QDs with other ions can generate unex-
pectedly interesting ECL behaviors. For example, incorporating
Se into CdTe QDs successfully harvests the NIR ECL emis-
sion.”® The doping of a trace amount of Mn”>* produces a new
yet minor ECL emission of ZnS QDs at a relatively low-potential
(e.g. —1.5 V).%* Taking the merit of paramagnetic Mn>*, the
Mn**-doped CdS QDs possess magnetism, and the ECL emis-
sion shows magnetic resonance with Fe;O, NPs though an opto-
magnetic interaction.”® Interestingly, Mn(u) as the dopant
inserts a transition state between the original valence and
conduction bands of the QD, leading to an electro-phospho-
rescence emission by a triplet-triplet conversion upon excita-
tion.?>2° The f-electrons of the rare-earth element Eu*" induce
a new emission peak around 620 nm in the ECL spectrum of the
doped CdS QDs, which belongs to the 5D, — 7F, transition of
the Eu®" ions. The doping of Eu®*" ions causes a 4-fold
enhancement in ECL intensity and shows a great O, sensitivity

3+ 130

benefiting from the high oxygen affinity of Eu”".

5.4 Single element nanoparticles

Single element semiconductor NPs such as Si’ and Ge* have
taken an irreplaceable spot in the history of NPs-based ECL
since the ECL phenomenon of SiNPs was marked as its origin.
Recently this family of monocomponent ECL nanoemitters has
been quickly developed due to the observation of ECL emission
from Ag" and Au'*'>"*' nanoclusters (NCs). These NCs have a

(@)

(®)

Fig. 3 Schematic illustration of (a) electron transfer between ITO and Au NCs
and (b) the ECL mechanisms of Au NCs. (Reproduced from ref. 14. Copyright 2011,
American Chemical Society.)
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large proportion of surface atoms with different valence states
like Au(m) and Au(v), which consist of special surface states
(Fig. 3).***'* The ECL of AuNCs has shown an anomalous
response to dopamine™ and H,0,,"* resulting in ‘signal-on’
and ‘signal-off’ detection, respectively, which are the opposite of
the tendencies measured at conventional QDs, implying quite
different mechanisms.

The discovery of ECL from carbon NCs or nanodots is also a
breakthrough as they are is superior in water-solubility, being
environmentally  friendly, = biocompatible @ and  bio-
functionalizable with various capping agents.'?">1317133
Different carbon allotropes from micro- to macro-scope have
been verified as the source of carbon NCs.'*'%'3* Meanwhile, the
ECL behavior of graphene oxide (GO) has also been investigated
(Fig. 4).%® Although single element NPs are state-of-the-art ECL
nanoemitters, a high applying potential and a low emission
intensity are their defects, which limits the applications of these
nanoemitters through a less acceptable sensitivity of measure-
ment."**** As AgNCs can be in situ incorporated into the duplex
of double-stranded DNA™***” and possess a high cumulative
stability constant of metal coordiantes,"** single element ECL
nanoemitters are expected to have promising application in the
development of detection methodology.

5.5 Metallic oxide semiconductors

MOS NPs are intrinsically similar to conventional QDs except
for a comparatively wide band-gap. The ECL of TiO, NPs,
especially the effect of polymorphism on the ECL performance
of anatase and rutile TiO,, has been well studied.'®-?>6%:139:140
AgNPs-modified TiO, NTs show a sensitive ECL signal for the
detection of PAHs with benzo(a)pyrene as the model compound
(Fig. 5).** The ECL emission of N-doped TiO, NTs can be
sensitized by CdS QDs and quenched by CdTe QDs, which have
been applied as strategies for the detection of adenosine in
cancer cells’® and prostate protein antigen (PSA) in serum.'*
Other MOS ECL nanoemitters include CdS@ZnO,”* ZnO nano-
flowers,"" ZnO nanospheres, ZnS@ZnO and ZnSe@ZnO
core-shell nanostructures,"** 8-hydroxyquinoline aluminium
nanoflowers,'** etc. They have potential ECL applications as
non-toxic emitters. The phosphopeptides can specifically
adsorb onto the MOS nanomaterials, suggesting a plausible
approach to biofunctionalize these materials for more ECL
applications. Unannealed or uncalcinated MOS NPs normally
possess a good deal of surface defects which facilitate the

Photon
Detector

Pt e'\l/

Fig. 4 Schematic representation of the ECL emissions in GO NP. (Adapted from
ref. 58. Copyright 2009, American Chemical Society.)
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adsorption and entrapment of ECL coreactants, such as O,,
H,0, and K,S,04.>>°* 1t is reported that a trace amount of O,
adsorbed onto TiO, NTs before deaerization can hold the ECL
intensity. The defects energetically correspond to metastable
states, resulting in excited states with long lifetime and a
unique high background signal of CL after the ECL emission,
which is especially obvious for TiO, (ref. 19 and 22) and CeO,-
TiO, composites.”*

5.6 Upconverting nanoparticles

The ECL nanoemitters mentioned above normally have PL
emission with a Stokes shift. By contrast, the ECL of upcon-
verting NPs has the PL of an anti-Stokes shift."** A graphene-
upconversion nanocomposite has been prepared with a one-
step in situ hydrothermal method. The ECL intensity of NaY-
FyuYb* Er'* NPs is significantly amplified by graphene
(Fig. 6)."* The lanthanides-doped NPs emit downconverting
ECL while upconverting PL. An authentic electrogenerated
upconverted emission has been validated from Ru(bpy);*'-
doped 9,10-diphenylanthracene (DPA) nanowires.'*® Conven-
tional QDs and elemental NCs also have rare upconverting PL
with special spectral terms corresponding to hyperfine structure
transitions."**'” From this point, NPs-based ECL is a general-
ized or superposed luminescence which can be fractionized into
electro-chemi-fluorescence, electro-chemi-phosphorescence'****
and electro-chemi-upconversion.**>**¢

5.7 Molecular nanoaggregates

The conventional molecular ECL emitters like PAHs and poly-
mers can be assembled into nanoscale aggregates which can
still restore their ECL capability and even gain improvement.
For instance, the ECL of 9,10-diphenylanthracene nanorods has
been reported.”*?*'*¢ The electrogenerated upconversion has
been achieved in the uniformly doped organic nanowires based
on triplet energy transfer from Ru(bpy);>* to DPA.**® The ECL
behaviors of various ruthenium bipyridyl (bpy) metallopolymer
nanocomposites, such as [Ru(bpy),(PVP)1¢].(ClO,),,"** [PVP-
Ru(bpy),CI"]"** * and [Ru(bpy)2(PVP);,0s(bpy),]**,"** have
been investigated (PVP is short for poly(4-vinylpyridine)). Their
electron transfer kinetics were further systematically discussed
by the incorporation of AuNPs*® and the formation of inher-
ently conducting polymers-composited hydrogel films.*** The
visualized colorful ECL emission can be observed from poly(9,9-
dioctylfluorene-co-benzothiadiazole) block copolymer NPs at
the single particle level (Fig. 7)*** and patterned electrode,'*
respectively. Because of the high sensitivity, low background
and spatiotemporal coupled potential resolution, this visual-
ized ECL prototype is very promising to open a broad avenue for
multidimensional and multiplexed ECL imaging analyses.

5.8 Hierarchical assembly of nanoemitters

Just like the ECL from the molecular aggregations, trans-
mogrification of ECL nanoemitters into hierarchical architec-
ture is also a practicable approach.®®8%102:106,116-120,153-156 The
stacking mode of individual NPs may lead to an important effect
on their ECL sensing applications. For example, hierarchical
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Fig. 5 Schematic showing the ECL detection of PAHs with Ag/TiO, NTs in $,04%~ solution. (Reproduced from ref. 61. Copyright 2010, American Chemical Society.)

CdS nanotube arrays with high porosity and uniform alignment
display considerably enhanced solid-state ECL in H,O, solution
compared with those of random aggregates.®*'*> The assembly
of QDs into nanospheres,">"'**> hollow spheres,'*
tubes,®*891%6117 nanobelts,* nanoflakes, and dendritic
morphologies has also been reported with the demonstration of
their ECL properties. These works not only greatly extend the
ECL systems from quasi-zero nanodots to multidimensional
nanomaterials and even microscaled block materials,'>**** but

nano-

119,120 118

also provide more biofunctionalized nanoemitters for PL
application.

From the aspect of electrons and orbitals, every PL emitter
may acquire its ECL emission because the only distinction
between PL and ECL lies at the stimulating source. It is always a
robust field to find novel ECL nanoemitters by exhaustive
searching among nanomaterials originally designed for optical
applications, screening them with the ECL fundamentals, and
then examining their ECL capabilities. For ECL bioanalysis,
further functionalization of various nanoemitters with multi-
tudinous biomolecules through physical adsorption, electro-
static interaction, covalent binding and specific affinity
interaction has attracted considerable interest for building
excellent ECL signal-transduction platforms.”®>"%

157

6

Two major drawbacks are shared in NPs-based ECL systems: a
high emission potential and low ECL intensity.**”® Most
reported cathodic ECL phenomena require a rather negative
driven potential (e.g. below —1.0 V).>*828557-% The high applying
potential may lead to undesirable side reactions in subsequent
fabrications.

Improvement in ECL performance
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Fig. 7 Schematic diagram of single molecule spectroelectrochemistry cell and
wide-field ECL image with the laser beam focused on the central area of the
image (inset: expanded region showing ECL from four particles). (Reproduced
from ref. 151. Copyright 2008, American Chemical Society.)

In sensing procedures, an enhanced ECL intensity is
preferred for their high sensitivity and detection performance.
However, the intensity of NPs-based ECL is normally not at the
level of Ru(bpy);>" and luminol.”*% Although instrumental
parameters like the scan rate and PMT bias can be operationally
modulated to partially realize intensive ECL emis-
sion,*>*7:33788287-90 they also unexpectedly increase the back-
ground noise. alternatives include the
modulation of synthetic conditions of NPs, condensation
of NP emitters,**”**** optimization of electrolytes and solution
pH,**¥7%07699112 and choice of specific bulk working elec-
trode.”™"'> However, these empirical implements still only bring
limited progress.

To achieve efficient ECL emission from QDs, the introduc-
tion of an exogenous strong coreactant at an appropriate
concentration is a seemingly most direct way, especially for
anodic ECL. For example, the addition of SO;>~ can greatly
enhance the ECL emission and thus improve the sensitivity for
the ECL detection of dopamine®*'® nitrite,"** and tyrosine.'*

General viable
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Fig.6 Schematic representation of preparation procedure of the graphene-NaYF,/Yb,Er nanohybrid and its ECL property. (Reproduced from ref. 145. Copyright 2012,

Royal Society of Chemistry.)
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However, coreactants cannot decrease the ECL potential. By
contrast, some coreactants increase the potential. 338685899596
Modification of the NPs-based ECL system with functional
materials has been taken as a conventional amplification
strategy for fabricating novel and sensitive biosensors.***%7378

6.1 Carbon nanomaterials

Several carbon nanomaterials with different nano-dimensions
have been applied in improving the ECL behaviors of NPs, such
as CaI‘bOI‘l nanOtubeS (CNTS),87,89,92,103,107,108,140,141,159,161,164,165
carbon nanospheres (CNSs),'® carbon nanofibers,**® and gra-
phene®®98105:113,131,145,160,166-168 orc These nanomaterials can not
only be simply taken as modification substrates promoting the
electron transfer between the immobilized NPs and the elec-
trode, but can also be used as nanocarriers to assemble multiple
NPs by electrostatic interaction mediated with polyelectrolytes
due to their large specific areas, which is very suitable for
labeling as tracing biotags.*****'*° For example, the ECL of CdSe
QDs can be greatly enhanced by the combination of CNTs and
PDDA in CdSe QDs film,”” and CNSs with uniform size can
greatly enhance the ECL of CdS QDs.'® K'-doped graphene by
m-conjugation of K'-chelators onto the graphene basal plane
has been demonstrated as a charge transfer accelerator for
promoting the ECL emission of SiO,@CdS QDs nano-
composites.'® The oxygenated species by acid treatment on the
edge and basal planes of nanocarbons can greatly favor the
adsorption of the dissolved oxygen as a coreactant, which
facilitates its conversion into radicals***** and results in a
different sensor architecture. By facilitating the oxidation of
CdTe QDs and triggering O, generation, GO can enhance the
anodic ECL for sensing glutathione."**

Furthermore, the in situ growth of NPs at carbon nano-
materials has been demonstrated as a more intimate way to
integrate the two components into nanocomposites, 713"
such as CdS QDs@CNTs.*” Compared with pure CdS NPs, CdS
QDs@CNTs can enhance the ECL intensity by 5.3-fold and move
the onset ECL potential positively by about 400 mV, which
reduces H,0, decomposition at the electrode surface and
increases the detection sensitivity of H,O,. Graphene, owing to
its large surface area, is also employed as the template for the in
situ growth of NPs such as CdS QDs@graphene'® and
AuNCs@graphene.”® This preparation route may result in a
wide size distribution and is currently restricted to a few kinds
of NPs with easy formation.®*%>*3%:1¢917¢ CNTs with dopants like
N have especially shown an amazing improvement in NPs-based
ECL. The cathodic ECL emission of CdSe QDs composited with
N-doped CNTs is 5-times stronger than that from pure QDs, and
3-times stronger than that composited with undoped CNTs.'*
Taking advantage of the intrinsically strong adsorption of O, on
N-doped CNTs, a ‘signal-on’ ECL immunoassay has been
proposed by the adsorption-induced concentration of
coreactant and signal amplification.**

Due to the so-called ‘blackbody effect’,'*>'*” carbon nano-
materials are effective luminescence quenchers through energy
transfer."”* Oxygen-functionalities can improve the annihilation
efficiency by transforming the local conformation of
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m-conjugated nanocarbons into PAHs."”>"”* Therefore, the NPs-
based ECL enhancement by carbon nanomaterials is actually a
constant competence between electrochemically boosting the
production of R* and antagonistically annihilating its irradia-
tion optically.”®'*>'*” Considering the electro-reduction capa-
bility of graphene,’®*7¢*”® fully reduced carbon nanomaterials
with restored backbones are ideal and are recommended to be
employed as substrates in NPs-based ECL systems.

6.2 Metallic particles

Taking advantage of their excellent conductivity, metallic NPs,
especially gold (AuNPs)**828891:100108 apd gjlver (AgNPs),*"517°
can also reduce the electron-relay barrier between semicon-
ducting ECL emitters and the electrode, accelerating the elec-
tron-/hole-injecting rate, thus not only obviously enhancing the
ECL intensity, but also moving the ECL onset and peak poten-
tial toward zero.

AuNPs, as one of the most common NPs in analytical tech-
niques, have shown multifunctionality in NPs-based ECL
assays. Their prime utilization is to increase the ECL intensity of
NPs. Meanwhile, they are adept at immobilizing target
biomolecules in constructing ECL sensors. A CdS QD-based ECL
immunosensor for low-density lipoprotein by increasing its
sensitivity with AuNPs amplification has been developed.®
CdS@CdSe QDs are assembled upon AuNPs-encapsulated silica
nanospheres for highly enhanced ECL detection of a protein
tumor marker.*” The in situ electrodeposition of AgNPs into CdS
hierarchical nanoarrays'” as well as vertically aligned TiO,
nanotubes® as templates have been well-defined. AgNPs can
greatly enhance the ECL emission of these nanomaterials. The
enhanced ECL of the CdS- and TiO,-Ag nanocomposite arrays
leads to two sensitive sensors for H,0,'? and benzopyrene.*

Metallic NPs can have another contrasting effect on NPs-
based ECL. The proximal luminescence quenching induced by
their surface plasma resonance (SPR) cannot be ignored, espe-
cially for solid-state ECL.'**'¢718182 Thjg effect can be inhibited
by optimizing the size and amount of AuNPs and modulating
their morphological anisotropy.’® As a methodological adap-
tation of surface-enhanced Raman spectroscopy (SERS), the
SPR-induced near-field ECL energy transfer enhancement is
otherwise surprisingly useful by keeping certain distance
between the NPs-based ECL emitters and metallic NPs,'¢7:180-182
which also realizes different sensor architecture by changing
the relative space position of metallic NPs and semiconducting
NPs.

6.3 Semiconductor metallic oxides

Semiconductor metallic oxide or MOS can improve NP-based
ECL emission by shortening the path of electron transport
between the conduction band of the NPs and the HOMO of the
coreactant,”* which is quite different from the role of the
above two nanomaterials. With the high-level conduction band
and wide band-gap, MOS like TiO, can offer indirect-band-gap-
conductive electron transfer. As for ECL, integrating QDs with
TiO, can generate a metastable state to accept electrons and
transmit them to the coreactant. The transfer of electrons from
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reduced QDs to TiO, is helpful to improve the QD recovery
efficiency, which also benefits enhanced and stable light emis-
sion in the ECL process.*® As TiO, NTs can produce ECL emis-
sion with an approximating band-gap with CdS QDs, QDs can
also sensitize the ECL emission of TiO, NTs.**°

6.4 Other molecules and ions

Despite their non-conductivity, polyelectrolytes like PDDA®*® and
chitosan®*”1% possess excellent film-forming abilities, which
improves the distribution of the immobilized NPs and protects
NPs from leakage, leading to a high ECL intensity. The highly
branched generation 5.0 polyamidoamine dendrimer can
regulate the size of QDs encapsulated within its interior struc-
ture to promote their ECL behavior."® Compared to bare QDs,
the core-shell CdSe/ZnS QDs incorporated within a Nafion
polymer film show enhanced ECL when using H,O, as a cor-
eactant, the permselective properties of which significantly and
effectively excluded S,04>" as the coreactant.® Room-temper-
ature ionic liquids (RTILs), as good ionic conductors, can also
greatly increase the ECL intensity of QDs in solution.'®
Recently, ECL enhancement of CdTe QDs by the addition of Ag"
in phosphate-citric acid and phosphate buffer has been
reported.” The maximum enhancement factor is of about 4.

7 Biosensing strategies and applications

Novel biosensing methodologies have now become the main
driving force of innovation for studying NPs-based ECL. An NPs-
based ECL biosensing system normally contains three essential
elements: bioactive substances as the biometric recognition
element, ECL nanoemitters as the energy transducer, and cor-
eactants as the signal sensitizer.”>'®” The development of NPs-
based ECL methodologies is always related to these elements.

7.1 ECL inhibition/enhancement

The inhibition/enhancement effect of the analytes on the ECL
emission of nanoemitters leads to an analytical methodology. It
is especially facile to detect and quantify small molecules and
ions. The first report on the analytical application of QDs-based
ECL was proposed by combining CdSe QDs with a carbon paste
electrode to produce ECL emission in an aqueous system, which
could be enhanced by H,0,, leading to a method for H,0,
detection.*® Although the net results are expressed mainly as the
change in the ECL intensity, the inner interactions may be
different. For example, freely diffused analyte or analyte corre-
late can directly approach and interact with NPs to produce ECL
energy transfer*°*1%11185 or electron transfer,'#***"'*® or grab
ligands competitively ravaging the surface states of
NPs,'%76:77:79:189 and react with cor-
eactants;19,22,40,45,47,63,1027106,110,113,131,154,156,160,162,163,181,188,192 addi_
tionally, various analyte-concentrating procedures have been
affiliated prior to the above proposed interactions, which
intrinsically feature the subtle roles of ECL nanoemitters as well
as the coreactants in specific biosensing systems. This pre-
enrichment has been validated through multiple approaches
such as the adsorption of coreactants,*>*"'** potential-driven
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adsorption,** biocatalytic precipitation,*** etc. Based on these

mechanisms, several novel and tricky detection applications
have been proposed.

The processes mentioned above have led to different ECL
methods for the detection of a wide series of analytes, such as

22,45,63,102,103-106,131,154,156,158,161,179,190 3
H202y 145,63,102, ,131,154,156,158,161,179, Organlc

amines,*>**® polyphenols,*** halides,** non-protein thiols,*””*"*>

0, 19:32,130
2

porphyrin derivatives,****® catechol derivatives,****'**"* amino
acids,'*® nitrocompounds,***® Pb>"*> Cu>*,7677718 and Hg**.”®

As an application example of the ECL energy transfer
mechanism, a method for dopamine detection is based on
energy transfer from excited QDs to the electro-oxidized product
of dopamine, which quenches the excited QDs, thus decreasing
the ECL emission.*® Based on electron transfer between hemin
as prosthetic group and O,, the ECL quencher hemoglobin (Hb)
can be measured by inhibiting the transformation of O, to H,0,
at TiO, NTs. The quenched ECL emission follows the Stern-
Volmer equation in a wide linear range with a low cathodic
potential and acceptable sensitivity.*

Based on the competition of metal ions and the stabilizer,
the quenching effects of Cu®>" on the ECL emission of DMSA-
capped CdTe QDs”® and r-cysteine-capped NIR-emitting CdSeTe
alloyed QDs™ have been utilized to realize Cu®>". The former
shows a linear range from 5.0 nM to 7.0 uM with a detection
limit of 3.0 nM.”” This method can be extended to detect other
metal ions like Hg>" with a stronger metal-$ interaction than
with the Cd-S bond.” The ECL of bovine serum albumin-pro-
tected AUNCs can also be inhibited by Pb**.*®

GO was demonstrated to facilitate QDs oxidation and trigger
the transformation of O, with extra strong adsorption toward
O, , leading to a 5-fold anodic ECL amplification of CdTe QDs
even in deaerated conditions."* The as-prepared ECL platform
was realized for the sensitive and selective detection of gluta-
thione from thiol-containing compounds and was further used
for glutathione drug detection. Similarly, a facile signal ampli-
fication strategy was developed for a ‘signal-on’ immunoassay
based on a novel ECL mechanism of CdS QDs by the adsorption-
induced catalytic reduction of dissolved O, on N-doped CNTs,*
which produces O, to enhance the ECL emission. The poly-
electrolyte functionalized N-doped CNTs showed a nearly two-
fold stronger adsorption ability towards dissolved O, than
CNTs, which leads to faster formation of O, and thus improves
the ECL emission of the immunosensor.*

The strategy of analyte-induced ECL inhibition or enhance-
ment can be implemented either in a homogeneous system of
which the ECL nanoemitters are to be dissolved with some
solute together with the coreactant and the ana-
lyte;!®10:42:47,50,78,109,110,185,188-190 o1 i a solid-state fashion in which
the nanoemitters are immobilized on the electrode with or
without coupling agents or spacers. The former ‘one-pot’ system
is relatively facile to fabricate. However, the limited diffusion
rate of every component and the low-solubility ECL nano-
emitters give low intensity. More importantly, the entire mixture
is susceptible to interferences, especially from real samples,
and cannot be regenerated. Due to the direct contact with the
electrode that ensures a direct and fast pathway for charge
transfer, solid-state NPs-based ECL attains more efficient and
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(A) Schematic representation of preparation procedure of P-GR-CdSe composites, including the oxidation of graphite (gray blocks) to GO with abundant

oxygen functionalities, the in situ reduction of GO in the presence of PDDA to obtain positively charged PDDA protected graphene (P-GR) colloids, and the preparation
of P-GR-CdSe composites via electrostatic interactions under sonication. (B) Schematic illustration of the stepwise immunosensor fabrication process, including the
formation of the P-GR-CdSe composite film on the Au electrode, the linkage of PDDA to the film, the conjugation of gold NPs (GNPs) to PDDA, the immobilization of
antibody (Ab) on the electrode via GNPs, and the specific immunoreaction. (Reproduced from ref. 90. Copyright 2011, Wiley InterScience.)

stable electrochemistry and ECL signals than the homogeneous
system.*>** Moreover, the immobilized NPs as a biosensing
substrate can further serve as an interface for stepwise modifi-
cation and biorecognition.”

7.2 Steric hindrance from biorecognition reaction

Due to the insulation of biomacromolecules, the recognition of
the biosensing interface for these molecules leads to steric
hindrance, which not only impedes the mass transfer of the
coreactant, but also decelerates the electron transfer among the
NPs, electrode and coreactant, thus lowering the ECL intensity.
This strategy is mainly applied for label-free immunoas-
says.%:53:8%87-90,166,194195 Ror example, a label-free ECL biosensor
for low-density lipoprotein (LDL) has been developed.>* The ECL
intensity decreases linearly with the increasing LDL concen-
tration from 0.025 to 16 ng mL ™ ". Based on the co-immobili-
zation of antibodies with CdSe QDs/CNTs-chitosan on the
electrode surface and the increasing resistance upon formation
of the immunocomplex between the antibody and the target
antigen, a label-free ECL immunoassay strategy has been
developed for the sensitive detection of human IgG (HIgG).*
Another ECL immunosensor based on amplification of poly-
electrolyte-protected graphene shows a highly
response to HIgG in the linear range of 0.02-2000 pg mL ™" with
an LOD of 0.005 pg mL ™" (Fig. 8).

This strategy is also suitable for cytosensing. An ECL cyto-
sensor has been designed to analyze cell-membrane carbohy-
drates by combining the QDs-based ECL with specific
recognition of lectins for carbohydrates.”® The specific recog-
nition of QD-bound lectins for cell-surface carbohydrates can

sensitive
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capture cells onto the electrode surface and thus decreases the
ECL intensity which is proportional to the amount of captured
cells. The ECL change thus provides a simple but highly
sensitive method for cytosensing and the dynamic monitoring
of cell-surface carbohydrate expression. By integrating the
competitive recognition of lectin for cell-surface carbohydrate
with a nanocomposited carbohydrate-functionalized CdS QDs-
modified electrode, a similar ECL strategy has also been
proposed for in situ, label-free monitoring of carbohydrate
expression on living cells.”” The combination of lectin with an
electrode surface leads to steric hindrance to the electron
transfer, thus decreasing the ECL emission of the QDs.

7.3 Generation/consumption of coreactant

This methodology is mainly based on the generation of H,0, or
the consumption of dissolved oxygen in enzymatic reactions,
which acts as the coreactant in NPs-based ECL reactions. It
started with a QDs-based enzymatic sensor for glucose detec-
tion,” in which CdSe QDs were co-immobilized with glucose
oxidase (GOx). Upon addition of glucose, the oxidation of
glucose catalyzed by GOx consumed dissolved oxygen, thus
decreasing the ECL response. A disposable CdTe QDs-based
ECL glucose biosensor has also been developed on a screen-
printed carbon paste electrode (SPCE).” This strategy can be
extended to more systems for the detection of oxidase
substrates, such as acetylcholine and and
hypoxanthine.'®

The enzymatic reaction can coupled with the analyte-inhi-

choline®®

bition/enhancement strategy to achieve a dramatic amplifica-
tion in the ECL signal by an enzymatic catalytic cycle. For
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example, the electro-oxidized product of tyrosine can quench
the excited MPA-capped CdTe QDs. In order to further increase
the sensitivity, tyrosinase is used to catalyze the oxidation of
tyrosine by dissolved O, to produce the quencher o-quinone,
resulting in a sub-picomolar LOD for tyrosine.*® A similar
method for the detection of catechol derivatives has also been
developed by the cathodic ECL emission of DMSA-stabilized
CdTe QDs with low-cost horseradish peroxidase (HRP).*®

Due to the high signal stability of the multilayer film and
excellent electrocatalytical ability of Hb toward H,0,, a ‘signal-
on’ ECL sensor for the detection of H,0, has been developed
using CdS QDs and an Hb multilayer film {Hb/CdS},,."** Another
‘signal-on’ ECL bienzyme biosensor is constructed by the in situ
formation of CdS QDs on multi-walled CNTs (MWCNTSs)."” This
sensor shows wide linear ranges with detection limits of 0.8 and
1.7 mM for the detection of choline and acetylcholine,
respectively.

The consumption of the ECL coreactant resulting from
enzymatic reactions can be triggered by enzyme-labeled anti-
bodies, which enables NPs-based ECL immunosensing. For
example, a sensitive and competitive immunosensor based on
the ECL of DMSA-stabilized CdTe QDs has been proposed.®”
Upon immuno-recognition of the immobilized antigen for the
HRP-labeled antibody, the ECL intensity decreases as an enzy-
matic reaction consumes the self-produced coreactant in the
presence of hydroquinone, leading to a wide calibration range
of 0.05 ng mL~" to 5 pg mL~" for HIgG. The enzyme-labeled
antibody can be further condensed on nanocarriers to achieve a
higher tagging ratio and a more sensitive performance.

As enzyme-linked antibodies usually suffer from needing a
specific catalytic substrate, costly engineering and purification
process, and the easy loss of bioactivity,**'*® the non-enzymatic
tag is becoming an alternative for NPs-based ECL immuno-
assay. For example, a DNAzyme-labeled antibody has been
designed by assembling an antibody and hemin aptamer on
AuNPs to form a G-quadruplex/hemin bio-barcode. Owing to the
consumption of oxygen by a DNAzyme-catalyzed reaction, the
QDs-based ECL is quenched upon the formation of the immu-
nocomplex, leading to a linear range of 0.01 pg mL™' to

~~2QD _ 2e¢
2e 0,7 H,0; Ze(.ZQD 02-?£> H,0,
0,+2QD"— H,0,+2QD* 0,+2QD~—%>2QD*+ H,0,
H,0,+2QD"— 2QD*+20H~ 4e\edNp2H,0

Fig. 9 Schematic representation of preparations of tracing tag, and ECL anni-
hilation strategy by electrocatalytic reduction towards dissolved O, at
PdNPs@generation-5.0  dendrimer/single-walled  nanohorn  nanohybrids.
(Reproduced from ref. 86. Copyright 2012, Royal Society of Chemistry.)

54 | Analyst, 2013, 138, 43-61

olmm ) VAVAVAV/ [TTITITIT,
(I)gl —_— —_—
o target DNA
EDC/NHS (C) U\ Primer
(A) (E) (B) D DNA polymerase
D)

N B
X’ Nicking Endonuclease

(J) (G) D DNA polymerase

any § Ty - (H) ;
-—
NN
DNA Trigger (I)

Fig. 10 Schematic representation of AUNPs and isothermal circular assisted ECL
signal amplification of the CdS QDs film for sensitive assay of nucleic acids.
(Reproduced from ref. 182. Copyright 2011, Royal Society of Chemistry.)

1 ng mL " for the sensitive immunoassay of a-fetoprotein.'®
Another ECL immunoassay method by using a dendrimer-
encapsulated PdNPs-anchored carbon nanohorn as a non-
enzymatic tracing tag to electrocatalytically reduce dissolved
oxygen has also been proposed. The consumption of dissolved
oxygen as the coreactant leads to a decrease of the ECL emission
in a linear concentration range of carcinoembryonic antigen
over six orders of magnitude (Fig. 9).*

7.4 ECL resonance energy transfer

ECL resonance energy transfer (ERET) can happen at a relative
long distance in comparison with FRET.™ This strategy
emphasizes the ERET between ECL nanoemitters and the
probes or tracing tags for immuno- and DNA-
assays.0t93:123,139,140180182 1t does not require the additional
introduction of any free molecule as the donor or acceptor, and
thus can be taken as a reagentless strategy.

An application example is based on the energy transfer from
the electrochemically excited Mn>*-doped CdS QDs to AuNPs to
quench the ECL emission.'® The AuNPs are used to label a DNA
probe. After hybridization with the target DNA, the distance
between the AuNPs and QDs is elongated, leading to the
enhancement of the ECL emission.** By swapping the positions
of the undoped CdS QDs and AuNPs in this framework, a
similar aptasensor has been proposed in sandwich format.**
Another ultrasensitive DNA detection approach has been
reported by combining AuNP-based ERET with an isothermal
circular amplification reaction, which can sensitively respond to
DNA down to 5 aM (Fig. 10)."*

The ECL emission of Mn*'-doped CdS QDs can stir the
magnetic field of superparamagnetic Fe;O, NPs by changing
their spin multiplicity, accompanied by a feedback of electro-
magnetic induction in the QDs. This opto-magnetic interaction
can induce an enhancement in theECL intensity. Using the
Fe;0,4 NPs-labeled signal antibody as a probe, a ‘signal-on’ QDs-
based ECL sandwich-type immunoassay has been developed for
ultrasensitive antigen detection.'*

This journal is © The Royal Society of Chemistry 2013



Surface carboxyls-activated CdTe QDs-based ECL can effec-
tively scavenge the ECL energy of Mn**-doped CdS QDs. Thus
combining Mn**-doped CdS QDs and antibody co-immobilized
electrode with a CdTe QD labeled antibody, an ultrasensitive
immunosensor for mouse IgG is proposed.'”” A similar work has
also demonstrated that the quenching of ECL emission from an
Mn>**-doped CdS QDs film by CdTe QDs via an energy scav-
enging process can be amplified by the incorporation of a large
number of QDs into the silica matrix for DNA detection.®
Furthermore, a facile signal amplification strategy for the
sensitive and quantitative detection of B2M expressed SMMC-
7721 cells has been proposed based on ERET between an anti-
body-modified CdS QDs donor and a Ru(bpy),>* acceptor
labeled on a cell surface.” In this system, CdS QDs can be
substituted by other ECL nanoemitters like TiO, NTs.**
Combined with the newly advent optical nanomaterials such as
upconverting NPs,*** metallic NCs, and carbon nano-
dots,"® this methodology will be further developed.

13-15,131-133

7.5 Nanoemitters as labels for ECL detection

ECL nanoemitters can be either dissolved in a homogenous
phase or immobilized in the solid state for analytical applica-
tions. When nanoemitters are used in the solid state, they can
be further divided into three groups: (1) entrapped in the elec-
trode; (2) immobilized as a sensing substrate at the electrode
surface; and (3) labeled on recognition molecules. In the earlier
NPs-based ECL studies, the entrapment of NPs has presented a
possible way mainly for the investigation of mechanisms such
as CdSe QDs in a graphite-incubated paraffin electrode* and
CdS NTs in a carbon paste electrode.'*® Later, the formation of
an NP film on an electrode surface received much attention,
where the film can be regenerated and used repeatedly. To make
the best of the high sensitivity of ECL techniques, developing
nanoemitters-labeled ECL analytical methods is self-evident, as
these have barely any background and normally show a ‘turn-
on’ response. NPs as ECL emitters also enable more versatile
ways for preparing signal tags than the majority of Ru(bpy);**-
doped SiO, NPs™® and luminol-doped AuNPs.*” By employing
nanoemitter-labeled biomolecules, the NPs-based ECL meth-
odology is endowed with high specific biorecognition, such as
antibody-antigen recognition for immunoassays,*>9%9615¢
nucleotide duplex interaction for DNA analyses,?*"5%179198-200

0-ABA _ YAb1

Au

A.g g A:Y'

Electropoly EDC BSA
-merization

Fig. 11 Schematic representation of the sandwich immunoassay with Si/PGMA/
QD/Ab, as the label. (Reproduced from ref. 96. Copyright 2011, American
Chemical Society.)
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and aptamer-target association for aptasensing.'¢*'6>198199201
Moreover, this methodology can easily be integrated with
magnetic separation and enrichment,®*>°*'° meeting the
demand for automated, high-throughput, multiplexed analysis,
thus promising the prospect of commercialization. Neverthe-
less, steric hindrance grows obviously in this strategy, which
could be relieved by the above-mentioned ECL-improvement
implementations. This strategy was initiated with the QDs-
based ECL immunoassay*"*>*>°¢15¢165 and now enjoys excep-
tional advantages in DNA detection as well as far much less
blocking of charge transfer in single- or double-stranded
chains.?*160:164185196-199 Hence, it can be designated as a nano-
emitter-labeled ECL strategy in which the ECL intensity corre-
lates to the amount of labels.

An ECL immunosensor using CdTe QDs-coated SiO, NPs as
labels has been proposed for the ultrasensitive detection of a
biomarker.”* Due to the signal amplification from the high
loading of CdTe QDs, a 6.6-fold enhancement in the ECL signal
for IgG detection is achieved compared to the unamplified
method. An ECL signal amplification strategy for the sensitive
detection of tumor necrosis factor-alpha using QDs-polymer-
functionalized SiO, NPs as the label has also been proposed
(Fig. 11).°° An ultrasensitive ECL immunosensor has been
developed using PtAg@CNCs as excellent labels based on CNTs-
chitosan/AuNPs composite-modified SPCEs for PSA detec-
tion."® The core-shell ZnS@CdSe QDs coated with a carboxyl
polymer layer is used as an ECL label for a sandwich-type
immunoassay of C-reactive protein at Au rotating disk elec-
trodes with DBAE as the coreactant. The limit of detection is
1.0 mg mL~"," which is the only NP-based anodic ECL immu-
noassay up to now.

A biosensor for thrombin detection has been reported in a
QD-labeled technique. The thiol-terminated aptamer was first
immobilized on an Au electrode, and then thrombin was
imported to form the aptamer-thrombin bioaffinity complex.
Another 5'-biotin-modified aptamer was next hybridized with
the combined thrombin to form a sandwich-type structure
following the binding of streptavidin-modified QDs via the
biotin-avidin specific recognition.’*® A facile strategy for the
fabrication of the aptamer-based adenosine 5'-triphosphate
biosensor has also been developed in a similar way."® A QDs-
labeled ECL biosensor for the detection of lysozyme has been
developed by forming the aptamer-lysozyme bioaffinity
complexes at an Au electrode. The free probes are hybridized
with the 5'-biotin-modified complementary oligonucleotides to
form double-stranded oligonucleotides. Avidin-QDs are bound
through the biotin-avidin-system. The ECL signal is responsive
to the amount of QDs, which is indirectly inversely proportional
to the combined target protein."”

The dendrimer/ZnS@CdSe QDs NC has been fabricated and
used as an ECL probe combined with magnetic beads (MBs) for
aptamer immobilization for the signal-on ECL assay of cancer
cells (Fig. 12).** A cycle-amplifying technique using a DNA
device on MBs was further employed in the ECL assay of cancer
cells, which greatly improves the sensitivity.** Also, an ultra-
sensitive ECL biosensor has been developed for the detection of
near single DNA molecules with a linear range of seven orders of

Analyst, 2013, 138, 43-61 | 55



0

—_—
cell

VWY i \\/
O ¢-DNAI O VWY

mavw

VAAMAN

MBl-aptamer ¢-DNAL  MBl-aptamer-cell
f % o %
5 2 %y R LA
: s ' ! < Nb.BbCI o )
: FAVAVAVAV Y VS N 1, ‘Lfrr
: °m o hridion 4
: endrimer/ s probe A
. FeyOq@Au % 1 * % % % %
e @ % %
E Cycling Cyeling + %
— + % ov R
: 3 s T »
g y—
@ % % Dendrimer/QDs probe
Y
TATAVAVAVAV (VAVAVAC A | “
O SH VVWWWY % O\/\J\/\"\f\/ 3 [ ‘.‘
O O‘_/V\; \VAVAVATAVAV) Of‘ VWWW/ ,
NTs N -DNA2 AW —_— MMV —_—
PDCNTs  Gold NPs 8 oD :{\v\\:\/y Dendrimer/QDs probe 8@* MAV/ ECL diicction. puiion
VWWY VAVATY
O Ov’\«" VWV O\/\JV VWA %
Electrode Electrode Electrode Electrode

Fig. 12 Schematic representation of the strategy for cell assay based on the MB-aptamer biocomplex and DNA cycle-amplifying technique and ECL detection based
on the dendrimer NCs/QDs-DNA signal probe. (Reproduced from ref. 85. Copyright 2011, American Chemical Society.)

magnitude by combining the specific recognition of a molecular
beacon with the signal amplification of QDs-dendrimer nano-
composites.”® Another sensitive strategy which integrates a
DNA cycle device onto MBs amplifies the signal with GO and
enhances the ECL intensity of probe DNA-labeled CdS QDs as
nicking product which has been developed for thrombin
detection.

8 Prospective

To meet the nanomanufacturing demand for optoelectronic
devices, fabricating solid-state disposable ECL paper-based and
lab-on-chip platforms should be a priority for low-cost mass
production and multiplexed point-of-care tests.**>**>** Mean-
while, it is quite urgent to realize visible NP-based ECL elec-
trochromics*® and imaging technology'*"'%>2¢21¢  for
spatiotemporally-resolved multiplexed analysis and highly
selective single-molecule detection in biological systems
without PMT amplification. Therefore, highly efficient, low
applied potential and tunable NP-based ECL systems (emitters
and coreactants) may receive major efforts. The biocompatible
NIR-ECL nanoemitters and alloyed NCs as well as low-toxicity
and eco-friendly carbon nanodots may take the lead as good
candidates for the next generation nanoemitters, especially for
preparing novel functional ECL probes, whereas doping,
compositing or assembling with ferromagnetic elements or

56 | Analyst, 2013, 138, 43-61

materials can bring into being multifunctional ECL nano-
emitters or nanostructures for high-throughput magnetic
separation and ECL-magnetic resonance imaging.

According to the Interactive Link Maps of the International
Union of Purified and Applied Chemistry (IUPAC), the node
entry of ECL is extensively connected with other luminescent
phenomena.*”” Meanwhile, given the versatile physicochemical
applications of NPs as nanoemitters, such as in PL, CL, SERS,
spectroelectrochemistry, electroluminescence, cathodo-
luminescence, even electrochemistry, giant magnetoresistance,
etc., these techniques may be digested, associated and adapted
to inspire innovative ECL of NPs systems.

Furthermore, besides the biological amplification strategies
mentioned above, DNA amplification techniques such as rolling
circle amplification, target-induced repeated primer extension,
hybridization chain reaction, loop-mediated amplification, and
target recycling amplification with endonuclease, exonuclease
and polymerase-based circular strand-replacement polymeri-
zation can be adopted to amplify the NPs-based ECL signal for
the biosensing of proteins and nucleic acids.”*®

9 Conclusion

As a new family of ECL emitters, NPs have provided an entirely
different sensing paradigm. Their functionalization with
multitudinous biomolecules offer excellent platforms for the

This journal is © The Royal Society of Chemistry 2013



ultrasensitive quantification of a wide range of analytes through
ECL signal transduction. It is a persistent research motivation
to seek for novel, efficient NPs-based ECL systems (emitters and
coreactants) combined with deep elucidation of their mecha-
nisms and modern analytical techniques. The long-term needs
in biomedicine, clinical diagnosis, food and environmental
monitoring also continuously push the development of NPs-
based ECL technology forwards.
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